Pulmonary surfactant lowers surface tension in the lungs. Physiological studies indicate two key aspects of this function: that the surfactant film forms rapidly; and that when compressed by the shrinking alveolar area during exhalation, the film reduces surface tension to very low values. These observations suggest that surfactant vesicles adsorb quickly, and that during compression, the adsorbed film resists the tendency to collapse from the interface to form a 3D bulk phase. Available evidence suggests that adsorption occurs by way of a rate-limiting structure that bridges the gap between the vesicle and the interface, and that the adsorbed film avoids collapse by undergoing a process of solidification. Current models, although incomplete, suggest mechanisms that would partially explain both rapid adsorption and resistance to collapse as well as how different constituents of pulmonary surfactant might affect its behavior.
Introduction
The original report that interfacial forces contribute to pulmonary elastic recoil speculated that the lungs might lower surface tension 2 ( ) by producing a surfactant (von Neergaard, 1929 (von Neergaard, , 1976 . Subsequent research has confirmed that suggestion. Rather than a single compound, however, pulmonary surfactant is a mixture of constituents, including a distinct set of phospholipids along with small amounts of cholesterol and specific proteins. After synthesis by the alveolar type II pneumocytes, assembly into multilamellar vesicles, and secretion into the liquid layer that lines the alveolus, the mixture of components together acts as a surfactant, adsorbing to the air/liquid interface and forming a film that lowers . The function of pulmonary surfactant is essential. Ventilation of lungs that lack adequate surfactant, both in premature babies (Robertson, 1984) and in experimental animals subjected to repeated lavage (Lachmann et al., 1980) , damages the alveolocap-illary barrier, leading to pulmonary edema, respiratory failure, and death.
This review focuses on the two most fundamental aspects of the surface activity demonstrated by physiological studies, that the surfactant vesicles adsorb rapidly, and that, when compressed by the decreasing alveolar surface area during exhalation, the resulting film reduces to exceptionally low levels. These two fundamental characteristics should be interdependent (Clements, 1977) . Mechanisms that promote interfacial insertion of surfactants generally also accelerate the reverse process of collapse from the interface, limiting the surface tension that a compressed film can achieve. An understanding of how pulmonary surfactant functions in the lungs will ultimately require insights into the interaction between adsorption and stability during compression, and how constituents of surfactant promote one process without negatively affecting the other. Because the mechanisms by which pulmonary surfactant achieves either function currently remain unclear, in this review, each process will be considered separately.
Adsorption
In the lungs, interfacial films form quickly. Following the initial inspiration after birth, when babies first generate the air/water interface, pulmonary mechanics are normal within the initial or first few exhalations (Lachmann et al., 1979) , indicating that the surfactant film has formed and is fully functional. In anesthetized adult animals ventilated at a low constant tidal volume, which reduces the effectiveness of the surfactant film (Faridy et al., 1966) , a single large-volume inflation that stimulates the type II cells to secrete surfactant vesicles (Hildebran et al., 1981) returns pulmonary mechanics to normal during the subsequent breath (Nicholas et al., 1982) . Both observations indicate that the surfactant vesicles must adsorb at least within seconds.
Pulmonary surfactant and classical molecular surfactants adsorb by processes that are distinct, both kinetically and thermodynamically. Classical surfactants adsorb as monomers, the concentration of which determines the final reached at equilibrium according to the Gibbs adsorption isotherm (Adamson and Gast, 1997b) . At the critical micelle concentration (cmc), the interface reaches its point of saturation, and additional constituents instead aggregate to form micelles. These structures are themselves surface inactive and have essentially no effect on surface tension. Material added above the cmc produces minimal change in either the subphase-concentration of monomer or in the equilibrium . For the phospholipids that constitute most of pulmonary surfactant, the cmc's fall within the range of 10 −10 to 10 −9 M (Smith and Tanford, 1972; Marsh and King, 1986) . In essentially all studies in vitro, and at estimated physiological concentrations, pulmonary surfactant is well above its cmc. Although not rigorously investigated, the final in practical experiments is likely to be constant. Factors such as composition and concentration may affect the kinetics of adsorption, but the thermodynamic value of the equilibrium is presumably fixed.
The low cmc's for the surfactant phospholipids also affect the kinetics of adsorption. Because concentrations are routinely far above the cmc, the vast proportion of pulmonary surfactant constituents aggregate into vesicles rather than existing as free monomers. The available evidence suggests that these vesicles represent the form in which surfactant constituents adsorb. Pulmonary surfactant can lower in discrete increments during adsorption, corresponding to the simultaneous insertion of large groups of molecules (Schürch et al., 1994) . Direct microscopic observations have demonstrated intact vesicles inserting into the interface (Sen et al., 1988; Haller et al., 2004) . The preponderance of evidence indicates that, rather than individual monomers, the constituents of pulmonary surfactant adsorb together as the components of complete vesicles.
In contrast to the interfacial insertion of molecular surfactants, adsorption of surfactant vesicles more closely resembles the fusion of two bilayers, such as occurs at multiple stages of intracellular trafficking and during the initial entry of an enveloped virus into an infected cell. Both adsorption and fusion involve the approach of a vesicle to another surface, followed by a major rearrangement of an initial bilayer to achieve the final structure. In both cases, the reconfiguration requires that the hydrophobic acyl groups, which in the bilayer are sequestered from the aqueous environment, must transiently have greater exposure to water. For the simplest molecular surfactants, the rate of adsorption can be limited only by transport to the interface (Miller and Kretzschmar, 1991) . Vesicular adsorption, like the fusion of two vesicles, instead involves an energy of activation.
In both the fusion of biological bilayers and the adsorption of pulmonary surfactant, specific proteins play a key role. Of the four surfactant proteins (SP), the two collectins, SP-A and SP-D, contribute to innate immunity and perhaps to the extracellular trafficking of pulmonary surfactant rather than to its surface activity. Removal of the collectins by extraction with nonpolar solvents has little effect on biophysical function (Hall et al., 1992b ). In contrast, SP-B and SP-C, which are sufficiently hydrophobic to partition with the surfactant lipids during extraction, promote adsorption. Separation of these proteins from the surfactant lipids, whether in the alveolus during ventilation (Wright et al., 1984) or chromatographically in vitro (Takahashi and Fujiwara, 1986; Hawgood et al., 1987; Hall et al., 1994b) , greatly reduces the rate at which vesicles lower to its final value (∼24 mN/m) (Hall et al., 1994a; Wang et al., 1996b) . SP-B is particularly effective in facilitating adsorption (Wang et al., 1996a) . This protein is the only constituent of pulmonary surfactant proven to be essential for its biophysical function. Babies with congenital abnormalities (Nogee et al., 1993 (Nogee et al., , 1994 and genetically modified animals (Clark et al., 1995) that lack SP-B develop injured lungs during ventilation shortly after birth despite normal levels of the surfactant lipids. Ventilation similarly injures the lungs of adult animals if production of SP-B stops (Melton et al., 2003) . Although other functions have been suggested for SP-B, its ability to promote the rapid formation of surfactant films represents the most likely explanation of its essential role.
The effect of the proteins, however, emphasizes a fundamental difference between adsorption and vesicular fusion. By lowering , adsorption reduces interfacial energy, which provides a thermodynamic force that drives the process. With fusion, the structures of the initial and final bilayers are often equivalent. Progression therefore frequently requires an apparatus constructed with the consumption of energy to drive fusion. For both intracellular vesicles and enveloped viruses, the fusion proteins can provide that apparatus (Lentz et al., 2000; Bonifacino and Glick, 2004; Earp et al., 2005) . In contrast, adsorption proceeds perfectly well with a low-energy system formed by self-assembly. Vesicles formed by hydration of extracted surfactant or by construction within type II pneumocytes adsorb at similar rates (Hall et al., 1992b) . The ratelimiting kinetic barriers should be comparable for adsorption and fusion, but because of the Monomolecular energetic driving force, progression of adsorption should require only a catalyst.
The first barrier to the fusion of two bilayers is the "hydration force" that limits their close approach (Creuwels et al., 1993; McIntosh and Simon, 1994; Rand and Parsegian, 2005) . These forces result mostly from the undulation of the two surfaces, and also seem likely to affect adsorption by interfering with the approach of a surfactant vesicle either to a clean interface or to a nascent film. Inclusion of anionic phospholipids in the vesicles and calcium in the medium minimizes this barrier for fusion of bilayers (McIntosh and Simon, 1994) , and also promotes the initial stages of adsorption (Walters et al., 2000) , for which the presence of calcium is essential (Oosterlaken-Dijksterhuis et al., 1991) . The parallel behavior has led to the speculation that SP-B might function like many fusion proteins by binding the two surfaces together. Different portions of SP-B might insert into the adsorbing membrane and the nascent film, tethering the two structures and promoting their interaction (Johansson and Curstedt, 1997) . Evidence for or against such a mechanism is currently limited.
Once the vesicles reach the interface, their constituents must reorient to form the initial monolayer. Any model of this process must explain two fundamental observations: (i) Factors that promote adsorption produce a similar effect whether present in the adsorbing vesicle or confined to a preexisting film at the interface. This effect, first demonstrated for the surfactant proteins (Oosterlaken-Dijksterhuis et al., 1991) , also occurs for the surfactant phospholipids. Relative to dipalmitoyl phosphatidylcholine (DPPC) alone, which represents the most prevalent constituent of surfactant from most species, the complete set of surfactant phospholipids produces faster adsorption, whether restricted to the vesicles or the interface (Walters et al., 2000) . The effect of the phospholipids in the two locations is indistinguishable. These results suggest that a kinetic intermediate, the formation of which limits the rate of adsorption, must be equally accessible from both the vesicle and the interface.
(ii) Constituents produce predictable effects on adsorption according to how they affect the curvature of lipid leaflets. The relative cross-sectional areas of the hydrophilic and hydrophobic ends of a lipid determine an effective shape (Israelachvili et al., 1976) . The spontaneous curvature of a lipid leaflet, obtained in the absence of applied force, results in turn from the average shape of its constituents (Gruner, 1989) . In a bilayer, the individual leaflets fail to express their spontaneous curvature because of the canceling effect of the oppositely oriented, paired leaflet. In the inverted hexagonal (H II ) phase, however, individual phospholipid leaflets form cylinders, each with an aqueous core, that stack into a hexagonal array, and that are free to express their spontaneous curvature. By convention, the sign of the curvature for a leaflet with a concave hydrophilic face, as occurs in the H II structures, is considered negative. In lipid mixtures without the surfactant proteins, factors that promote formation of the H II phase, including both lipids (Yu et al., 1984; Perkins et al., 1996; Biswas et al., 2007) and peptides (Biswas et al., 2005) , accelerate adsorption. Although this observation suggests that adsorption of phospholipids, like the fusion of vesicles, proceeds via a structure with negative curvature, adsorption of these model systems and of pulmonary surfactant could proceed along different pathways. Results with lysophosphatidylcholine are therefore particularly important. That compound, which forms positively curved micelles and can prevent formation of H II structures by other lipids, inhibits adsorption of pulmonary surfactant itself . Negative curvature should therefore represent an important characteristic of the intermediate structure that limits the rate at which pulmonary surfactant adsorbs.
These observations concerning effects from the interface and the vesicle along with the role of curvature suggest a model in which adsorption proceeds by way of a structure that is directly analogous to the stalk-intermediate suggested as a key initial step in the fusion of two bilayers (Chernomordik and Kozlov, 2003) . The negatively curved stalk would bridge the gap between the adsorbing vesicle and the air/liquid interface (Fig. 1) . The model makes a number of predictions that fit with additional experimental results:
(i) The importance of curvature suggests that the energy of bending represents a major component of the rate-limiting activation barrier. The effect of the proteins supports that possibility. The largest component of the free energy barrier that limits the rate of adsorption is entropic (King and Clements, 1972; Schram and Hall, 2001) , consistent with a process that involves the exposure of hydrophobic acyl groups to the aqueous environment and the unfavorable entropy that provides the basis of the hydrophobic effect (Tanford, 1973) . The hydrophobic surfactant proteins, however, accelerate the initial fall in by reducing the enthalpy of activation (Schram and Hall, 2001) , consistent with a decrease in the energy of bending. (ii) Factors that reduce the energy of bending by any mechanism should promote adsorption. For curvatures (c) defined in terms of radii (R) according to c ≡ 1/R (Fig. 1 ), the energy per unit area, f, for limited bending of a thin continuous layer from its spontaneous curvature, c o , to a new configuration with curvatures c 1 and c 2 along the two principal axes, is given by
where Ä and Ä G are the elastic moduli of simple (splay) and Gaussian (saddle-splay) bending, respectively (Helfrich, 1973; Zimmerberg and Kozlov, 2006) . In addition to factors that shift c o toward the net curvature (c 1 + c 2 ) of the stalk, components that lower the rigidity of the leaflets, expressed by Ä and Ä G , and allow them to deviate more easily from their spontaneous curvatures should also decrease the energy of bending. Cholesterol and the surfactant phospholipids other than DPPC, both of which should increase flexibility, increase rates of adsorption (Wang et al., 1996b) . (iii) By lowering the energy barrier that limits the rate at which constituents transfer between adjacent structures and the interface, factors that promote adsorption should similarly facilitate desorption. Alveolar films undergo compression when surface area decreases during exhalation. When the density of the film exceeds an equilibrium value, constituents tend to collapse from the interface into adjacent bilayers (Amrein et al., 1997; Galla et al., 1998; Lipp et al., 1998; Schief et al., 2003) . The hydrophobic surfactant proteins promote adsorption of constituents into the interface at high , and facilitate collapse from the interface at low (Lhert et al., 2007) .
Although the stalk-model fits with these several experimental observations, significant uncertainties remain, particularly concerning how the hydrophobic proteins achieve their effect. The extent to which the proteins alter either spontaneous curvature or the flexibility of simple (splay) bending is unknown. Because the stalk has two curvatures that have opposite signs, negative Gaussian curvature, (c 1 ·c 2 ), also represents a prominent feature (Fig. 1) . Previous considerations suggested that Ä G should be small, but more recent evidence indicates that its magnitude could be significant (Siegel, 2005 (Siegel, , 2006 . Effects by the proteins on c o , Ä or Ä G , therefore, seem equally possible.
The structure of the hydrophobic surfactant proteins has also provided only limited guidance concerning the molecular mechanisms by which they might alter any of these variables. Structural information on the functionally essential SP-B dimer has so far been restricted largely to predictions based on the sequence of the monomeric peptide, and on the homology of that sequence with the saposin-family of proteins, some of which have yielded detailed structures (Ahn et al., 2003; Bruhn, 2005; Hawkins et al., 2005; John et al., 2006) . This information has not yet prompted specific proposals concerning how the proteins would stabilize the stalkintermediate, or how they would accelerate adsorption via other hypothetical pathways.
Studies on the adsorption of pulmonary surfactant have generally suffered from the indirect methods used to detect adsorbed material. Most experiments have monitored adsorption by measuring , assuming that the equilibrium relationship between interfacial concentration and also holds during adsorption. This approach may be inadequate to explain kinetic anomalies observed during studies from several groups (Notter et al., 1983; OosterlakenDijksterhuis et al., 1991; Schram and Hall, 2001) , and in particular to follow the formation of adsorbed multilayers. Electron micrographs showed long ago that at least portions of the alveolar films are multilamellar (Hills, 1988; Schürch et al., 1995) , but these static images provide no insight concerning how the structures form. Studies in vitro show that surfactant monolayers, when compressed by the decrease in surface area that occurs during exhalation, collapse from the interface into multilayers, and suggest that the multiple layers adjacent to the alveolar interface could form by collapse (Amrein et al., 1997; Galla et al., 1998; Schief et al., 2003) . Recent studies using neutron reflection demonstrate that multilamellar films can also form by adsorption (Follows et al., 2007) . These structures could be functionally significant. Detection of these and other structures not predicted by the simplest models of adsorption may require methods other than measurements of .
One final issue concerning the formation of the surfactant film is the relative importance of adsorption and respreading. Early studies with compressed monolayers, in the absence of subphase vesicles, showed that collapsed material has different tendencies, determined by composition, to respread into an expanding interface (Notter, 1984) . This observation raises the possibility that during inhalation, constituents routinely enter the alveolar film by respreading as well as adsorption. The beneficial effect of free fatty acids on respreading (Tanaka et al., 1986) led to inclusion of palmitic acid in one of the first therapeutic surfactants. Subsequent evidence that collapsed bilayers can remain continuous with the interfacial monolayer (Amrein et al., 1997; Galla et al., 1998; Lipp et al., 1998; Schief et al., 2003) emphasizes that respreading requires no fusion for reinsertion into the surface, and that it represents a process distinct from adsorption by surfactant vesicles.
Determining the relative importance of respreading and adsorption in vivo is difficult. Although the initial formation of the film during the first breath after birth can occur only by adsorption, no comparable circumstance exists that would only allow respreading. In vitro experiments favor adsorption. Although both processes could contribute to the behavior of cyclically compressed adsorbed films, the strong dependence on subphase concentration (e.g., (Otis et al., 1994; Krueger and Gaver, 2000) ), which should affect adsorption but not respreading, argues that adsorption represents the predominant process by which constituents enter the interface.
Adsorption and respreading, however, may be mechanistically comparable. Their compositional dependence is similar, with the hydrophobic proteins, unsaturated phospholipids, and cholesterol all producing better respreading as well as faster adsorption (Wang et al., 1995 (Wang et al., , 1996b . The bending-energy of a negatively curved kinetic intermediate might well represent the rate-limiting determinant for both processes.
Stability of the interfacial film
Adsorption of surfactant vesicles reduces to ∼24 mN/m. In the lungs, alveolar reaches much lower values. When the adsorbed films are compressed by the decreasing alveolar surface area during exhalation, decreases to <5 mN/m, and perhaps to values below 1 mN/m (Fisher et al., 1970; Horie and Hildebrandt, 1971; Valberg and Brain, 1977; Wilson, 1981; Schürch, 1982; Smith and Stamenovic, 1986) . Alveolar films also sustain these low for prolonged periods in static lungs after compression stops (Horie and Hildebrandt, 1971; Schürch, 1982) . At the end of exhalation, when the high curvature of the small alveoli should maximize the contribution of interfacial forces to elastic recoil and the tendency to deflate the lungs, films of pulmonary surfactant come close to eliminating .
The ability of the compressed surfactant films to reach and sustain well below the values achieved during adsorption indicates that the films must have specific physical characteristics. Phospholipids added to an air/water interface in vitro, either by adsorption from the subphase or by direct deposition at the surface, initially lower by increasing the surface concentration of a monomolecular film. At ∼24 mN/m, however, additional directly deposited material no longer affects the monolayer, and instead forms a new 3D phase. The of a compressed film faces the same limitation (Fig. 2) . During quasi-static compressions, decreasing the area of a monolayer lowers only to ∼24 mN/m, at which point constituents collapse from the interface to form a 3D smectic liquid-crystal (e.g. POPC in Fig. 2 ). At this equilibrium spreading tension ( e ), defined by the coexistence of the 2D film and the 3D phase (Gaines, 1966) , further decreases in area enlarge the collapsed phase, but produce no further increase in the density of the monolayer or decrease in . The prolonged low in static lungs, well below e , indicates that the alveolar films somehow avoid the phase transition of collapse, and that they are therefore metastable.
The ability to avoid collapse indicates that films behave like solids. The defining characteristic of a solid is the inability to flow, with a viscosity that is immeasurably high (Halliday and Resnick, 1966; Goodstein, 1975; Barber and Loudon, 1989; Microscopic images show that constituents move as a continuous sheet from the monolayer to a stacked smectic liquid-crystal through a locus of restricted area (Schief et al., 2003) . Adapted with permission from Rugonyi et al. (2005). 1996a; Allen and Thomas, 1999) . Resistance to collapse indicates that films are solid according to three criteria: (i) Films defined as solid by their 2D shear viscosities avoid collapse. Two-dimensional films, like 3D materials, exist at specific thermodynamic conditions in different structural phases (Knobler, 1990; Kaganer et al., 1999) . Films with disordered structures, such as phospholipid monolayers in the liquid-expanded (LE) phase, have low 2D viscosities, and collapse readily at e (e.g. POPC in Fig. 2 ). In the tilted-condensed (TC) phase, which has a highly ordered structure, approaching that of a 2D crystal, shear viscosities are immeasurably high, and the films resist collapse (e.g. DPPC in Fig. 2 ). These prior measurements of 2D shear viscosities have established the correlation that fluid films readily collapse, and solid films do not. (ii) The specific mechanism by which phospholipids leave the interface indicates that resistance to collapse reflects a viscous film. In contrast to most phase transitions, in which constituents move individually across the boundary between the two phases, compounds that undergo liquid-crystalline collapse instead flow as a continuous sheet from the interfacial monolayer to the collapsed smectic liquid-crystal (Xue et al., 1992; Mann, 1994, 1998; Friedenberg et al., 1994; Fang et al., 1997; Schief et al., 2003) (Fig. 3) . The avoidance of collapse in the lungs indicates that the alveolar film resists this flow, and that its viscosity must be high, characteristic of a solid. (iii) Resistance to collapse by any mechanism defines the films as viscous. Movement of constituents from the interface into the third dimension, regardless of the process by which it occurs, represents a flow, which can define a viscosity (Rapp and Gruler, 1990) . At the lowest , where the driving force for collapse is greatest, the absence of collapse in the alveolus again demonstrates the high viscosity that defines a solid film.
Two kinds of solid monolayers can replicate the behavior of alveolar films. The characteristics of the two films suggest that each is analogous to a 3D solid, specifically crystal and glass. Physiological mechanisms, however, that would generate either film remain unclear.
Quasicrystalline monolayers and the classical model
Relative to other biological lipids, pulmonary surfactant contains an unusually high content of phospholipids with two saturated fatty acids. DPPC represents ∼35-45% (mol:mol) of the surfactant phospholipids from most species (Kahn et al., 1995; Postle et al., 2001) . The absence of acyl double bonds, and the kinks that they produce, has important structural and functional consequences. In contrast to the other surfactant phospholipids, DPPC at 37 • C forms monolayers that convert from LE to TC structures above e (Crane et al., 1999) , and that, below e , replicate the slow rates of collapse observed in the lungs (Fig. 2) . The classical model of pulmonary surfactant concludes that the metastability of the alveolar film indicates that it must be TC (Watkins, 1968; Clements, 1977; Bangham et al., 1979) .
This conclusion about structure has direct implications concerning composition. In films containing the surfactant phospholipids or model lipid mixtures, compression of the initially LE film forms a coexisting TC phase that contains >95% DPPC (Hildebran et al., 1979; Discher et al., 1999b; Yan and Hall, 2006) . The TC phase can accommodate essentially no phospholipids other than DPPC. Rather than a mixture of constituents, the functional film of the classical model would contain effectively pure DPPC. A key feature of the classical model is therefore that, relative to the initial material secreted by the type II pneumocyte, the functional film must be substantially enriched in DPPC.
The change in composition could occur either by selective adsorption of DPPC or by selective exclusion of the other compounds. Because constituents of pulmonary surfactant insert collectively into the interface as the components of complete vesicles, a kinetic basis for selective adsorption seems unlikely. A thermodynamic basis might originate in differences among the e for the various phospholipids, which would allow compounds with lower e to continue adsorbing after other constituents have reached their point of saturation. The limited available data, however, argue against such a process. Phosphatidylcholines in the disordered state share a common e of ∼24 mN/m (Lee et al., 2001 ), but compounds in ordered structures, such as DPPC at 37 • C, spread minimally, and reach e just below for a clean interface (Horn and Gershfeld, 1977; Lee et al., 2001) . Adsorption based on the e of the individual constituents would allow the phospholipids other than DPPC to continue entering the interface long after insertion of DPPC stopped, selecting against, rather than for, DPPC.
Most investigators have instead focused on the possibility of selective exclusion (Watkins, 1968; Clements, 1977; Bangham et al., 1979) . The existence of coexisting phases with distinct compositions and rates of collapse within the surfactant films would provide the basis for that selection. Films containing binary mixtures of dioleoyl phosphatidylcholine (DOPC) with DPPC provide a simple model system that demonstrates the expected behavior. The binary mixtures separate at > e into coexisting LE and TC phases. When held at just below e , collapse of the LE regions converts the mixture to a film that is TC and that contains only DPPC (Yan and Hall, 2006) .
Results with model systems, however, point out that rates of collapse for fluid (LE) and solid (TC) phases are less distinct than previously thought. Fluid films, which were originally thought to collapse "essentially instantaneously" (Smith and Berg, 1980) , in fact fold from the surface at finite rates that depend on compo-sition and the specific experimental conditions. In contrast to the DOPC-DPPC films held at constant (Yan and Hall, 2006) , in monolayers containing the complete set of surfactant phospholipids, continuous slow compression to low produces minimal change in the relative areas of the solid and fluid phases (Piknova et al., 2001) . These experiments at 23 • C leave open the possibility that at physiological temperatures, the rates of collapse for the two phases could still be sufficiently different to produce the proposed selective exclusion. The studies indicate, however, that results with model systems must be interpreted with increasing caution as they deviate progressively further from physiological compositions and conditions.
Selective exclusion seems unlikely to convert a monolayer containing the full set of surfactant-constituents to a TC film during physiological compressions. Three observations contribute to that conclusion:
(i) The content of DPPC, although high in pulmonary surfactant relative to other biological phospholipids, is no greater than ∼35-45% in most species (Kahn et al., 1995; Postle et al., 2001) , and substantially lower in a few others (Lang et al., 2005) . Even if constituents collapsed individually rather than collectively as regions of a film, formation of a TC monolayer would require at least a 55-65% reduction in area before an alveolar film would become capable of sustaining below 24 mN/m. This extent of compression would occur only during exhalation following the largest possible sigh that extends to total lung capacity (Bachofen et al., 1987) . (ii) The process by which phospholipids collapse would require phase separation as a basis for selective exclusion. In contrast to some other lipids, such as fatty acids, which move to the collapsed phase as individual constituents Retter, 1991, 1992; Vollhardt et al., , 1993 Retter and Vollhardt, 1993; Vollhardt et al., 1993) , the phospholipids flow from the interface as regions of the monolayer (Schief et al., 2003) . Selective exclusion would therefore require separation of the film into regions with distinct compositions and different tendencies to collapse. A separation of phases does occur within surfactant monolayers, but when collapse begins at 37 • C, the LE phase occupies almost the entire interface (Discher et al., 1996) . This minimal extent of coexistence reflects the effects of temperature and composition. To achieve the LE-TC phase transition, films of pure DPPC require compression to lower when temperatures are higher (Fig. 4) (Crane et al., 1999; Discher et al., 1999a) . Additional constituents of pulmonary surfactant other than DPPC further delay the separation of phases (Fig. 4) (Discher et al., 1996 (Discher et al., , 1999a . Consequently, during continuous compression of extracted calf surfactant at 37 • C, the coexisting phases first separate at just above e , directly before the onset of collapse (Fig. 4) (Discher et al., 1996) . If the LE phase collapsed completely and the other phase not at all, exclusion of the LE phase would require a decrease in area by ∼96%.
(iii) The coexistence in films containing the complete set of surfactant constituents is fluid-fluid rather than solid-fluid. This behavior, and the comparable process in bilayers (Bernardino de la Serna et al., 2004) , reflects the presence of cholesterol.
In films containing only the complete set of surfactant phospholipids, microscopy demonstrates an LE phase surrounding irregular TC domains that retain their shape at least for hours. Because the interfacial tension between the domains and the surrounding film should minimize the length of the interface, the failure of the domains to adopt a circular shape indicates that at least one phase is rigid. With the full complement of surfactant lipids, however, which includes cholesterol as well Fig. 4 . Temperature-dependence of the at which phase separation begins in monomolecular films related to pulmonary surfactant. Monolayers containing extracted calf surfactant (calf lung surfactant extract, CLSE), the complete set of purified phospholipids (PPL) obtained chromatographically from CLSE, or DPPC were spread at an air/water interface and monitored microscopically during slow compression at specific temperatures. Symbols indicate the point at which microscopy first detected distinct domains in the initially homogeneous film. Because the of water, o , varies with temperature, results are expressed in terms of the extent to which the film changes , given by = − o . Adapted with permission from Discher et al. (1999a). as the phospholipids, the domains instead have circular contours that can undergo rapid reconfiguration (Discher et al., 1999a; Discher et al., 2002) , demonstrating that they have the fluidity of the liquid-ordered (LO) phase. Although not studied extensively, fluid LO films, like the LE phase, apparently collapse readily just below e (Schief et al., 2003) . The absence of solid regions in a surfactant monolayer eliminates the proposed basis by which selective exclusion could produce a TC film.
In light of these considerations, the mechanisms by which physiological processes could produce the compositional refinement necessary to yield the TC film of the classical model are unclear.
Supercompressed fluid monolayers
Until recently, perhaps the strongest evidence favoring the classical model was the absence of any well defined film other than the TC monolayer that had the metastability observed in the lungs. Studies have now established, however, that if compressed fast enough to reach low , well below e , fluid films can also become metastable (Figs. 2 and 5) .
Formation
The ability of rapidly compressed fluid films to reach low was not a complete surprise. Changes in the area of a film alter according to its viscoelasticity and the rate of compression. Under quasi-static conditions, the elasticity of a film provides the fundamental relationship, in the absence of collapse, between and the area of a static interface. During a dynamic compression, the response of also includes viscous effects. Above e , surface viscosity reflects the rate at which compressed constituents can relax • C were compressed at >100% Ao/s from an initial area (Ao) established at = 25 mN/m. After reaching < 5 mN/m, area remained essentially constant, indicating the absence of collapse, during incubation at the lowest , and after expansion to of 10 and 20 mN/m. Subsequent recompression and reexpansion without hysteresis similarly indicates the absence of collapse as long as remains below 25 mN/m. Expansion to 30 mN/m, at which remains roughly constant while area increases during respreading of the extracted surfactant, restores the ability of the film to collapse during slow compression. Modified with permission from Crane and Hall (2001). to their lowest energy configuration within the interface, changing surface area or or both. Below e , relaxation also includes the effects of collapse into the third dimension. The relative rates of compression and viscoelastic relaxation determine how changes during a dynamic compression (Kato, 1990) . If films are compressed more slowly than they can relax by collapse from the interface, the fluid films will fail to lower below e . Fast compressions that exceed the rate of relaxation, however, will achieve lower . Because the driving force for collapse increases at progressively further below e , relaxation should be faster at lower · A sufficiently rapid compression should nonetheless reduce to very low values.
Unlike alveolar films in static lungs, however, as soon as compression stops, a film that retained its original fluid characteristics would return to its equilibrium density by collapse of constituents from the interface. Supercompressed fluid monolayers unexpectedly behave like the alveolar films. After compression to < 5 mN/m, supercompressed films, rather than relaxing back to e , instead sustain those low for prolonged periods (Fig. 5) (Crane and Hall, 2001; Smith et al., 2003; Smith et al., 2004) . Although a disparity between the characteristic times of compression and relaxation could explain how fluid films reach low (Kato, 1990) , their subsequent slow collapse after compression requires that their fundamental properties have changed.
The supercompressed fluid films would nonetheless be physiologically irrelevant if they recovered their ability to collapse when expanded back to e . In static lungs, alveolar films resist collapse not only at the lowest , but, when the lungs expand during inhalation, over the full range of below e (Horie and Hildebrandt, 1971) . The supercompressed fluid films replicate that behavior (Figs. 2 and 5 ). They retain their slow rates of relaxation despite return, during expansion, to conditions at which they originally collapsed (Crane and Hall, 2001; Smith et al., 2003 Smith et al., , 2004 (Figs. 2 and 5) . When held at high for sufficient durations, the supercompressed films eventually recover their original behavior (Fig. 5 ), but at just above e , films containing only phospholipids retain their resistance to collapse for days . In the lung, if compressed fast enough to reach low during the exhalation after a sigh, a fluid monolayer would become transformed at low to a structure that resists collapse over the full range of below e . During tidal breathing, the film would retain its metastability through repeated cycles of expansion and compression (Figs. 2 and 5 ).
Analogy to supercooled liquids
The defining characteristic of fluid films transformed by supercompression is their slow rate of relaxation. Although viscoelastic relaxation below e could occur either by collapse or by effects within the monolayer, experimental results indicate that collapse is much more important. Following extensive, fast compressions from high to values just above e , where collapse does not occur, area changes <2% (Smith et al., 2003; Rugonyi et al., 2005) , indicating that viscoelastic relaxation within the interface is minimal. The much larger changes in area following compression to just below e must reflect collapse. The slow collapse rates at low , however, also indicate a viscous film (Rapp and Gruler, 1990) . Slow relaxation then indicates that at low , the viscosity of the fluid film must increase dramatically.
This characteristic of the supercompressed fluid films suggests that they fit within the spectrum of jammed systems (Liu and Nagel, 1998) . Assemblies of granular (Richard et al., 2005) and colloidal particles (Pusey and van Megen, 1986) , when compacted sufficiently, can retain an initial disordered structure, but acquire a markedly increased resistance to flow. Three-dimensional liquids, if cooled quickly to sufficiently low temperatures, similarly become trapped in the metastable structure of a glass (Debenedetti, 1996b) . The high viscosities induced by the low temperatures prevent the constituents from moving to their equilibrium location on a crystalline lattice, and despite temperatures well below the freezing point, they retain the disordered structure of the original liquid. Because of the high viscosities, the metastable liquids lose the ability to flow, and despite their amorphous structures, they acquire the rheological characteristics of a solid.
The supercompressed fluid films are analogous to supercooled liquids in several respects: (i) both systems avoid a phase transition (crystallization for the supercooled liquid, and collapse for the supercompressed surfactant film) and are, by definition, metastable; (ii) both achieve the metastable state by undergoing rapid changes in thermodynamic conditions;
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RESPNB-1016; No. of Pages 12 8 S. Rugonyi et al. / Respiratory Physiology & Neurobiology xxx (2008) xxx-xxx (iii) under equilibrium conditions, before reaching the phase transition, decreases in temperatures for the 3D liquids and in for the 2D fluid films both produce higher viscosities; (iv) in both cases, deviation of conditions progressively further from equilibrium initially produces the expected progressive increase in the rate of the phase transition, which then surprisingly passes through a maximum value and then decreases (Rugonyi et al., 2004) (Fig. 6) ; (v) both acquire the resistance to flow that defines a solid; (vi) the change in rheological characteristics occurs for both systems apparently without a major change in structure. For the supercompressed films, results obtained during melting demonstrate this issue most clearly. When a TC film melts to a LE monolayer, the difference between the two structures dramatically expands the molecular area over a narrow range of temperatures (DPPC in Fig. 7 ). Supercompressed fluid films also melt during heating, as indicated by their recovered ability to collapse (Fig. 7 , POPC, inverted triangles, on right axis). Heating of a supercompressed film, however, increases area only to the same extent as a heated fluid monolayer that has not been supercompressed (Fig. 7 , POPC, upright and inverted triangles, left axis). These results suggest that despite their distinctly different tendencies to collapse, the structures of the initially fluid film before and after supercompression are similar (Fig. 7) (Smith et al., 2003) .
Unlike the TC film of the classical model, the metastability of a supercompressed fluid film requires no compositional change. The characteristics established with supercompressed monolayers of extracted surfactant (Fig. 5 ) also occur for fluid films containing a single constituent, for which composition is fixed (Fig. 2) (Crane and Hall, 2001; Smith et al., 2003) . A model of the alveolar film as a supercompressed fluid would avoid the question raised but unanswered by the classical model of how composition changes at the interface.
The supercompressed fluid model, however, does present a problem that is absent from the classical model. To become metastable, a fluid film must reach low , which requires compres- • C, TC DPPC and supercompressed POPC both melted from a structure that sustained low without collapse (decrease in area with accompanying decrease in at 26
• ) to a structure that collapsed at = −45 mN/m (despite extensive decrease in area at 70
• , reached only −45 mN/m), as expected for a fluid film. Melting of DPPC from the TC to the LE phase at 39-41
• C abruptly expanded the film because of the larger molecular area for the LE phase. In contrast, during melting of the supercompressed POPC film, area expanded only to the same extent as POPC that had never reached low , indicating that the molecular areas for the films with and without supercompression are similar. Symbols indicate mean ± S.D. Modified with permission from Smith et al. (2003) . sion faster than a certain threshold rate (Rugonyi et al., 2004) . decreases below e only if compression exceeds the rate at which the film can collapse from the interface. If compression and collapse occur at equal rates, will remain constant. Because the fastest collapse occurs at a only slightly below e (Fig. 6) (Smith et al., 2003; Lhert et al., 2007) , compression at a series of progressively faster rates initially produces little change in . As soon as compression exceeds the fastest rate of collapse, however, will continue decreasing to low values. The variation of collapse with (Fig. 6 ) predicts the sharply defined threshold rate of compression required to reach low that occurs for fluid films of both individual phospholipids (Smith et al., 2003) and the complete mix of extracted pulmonary surfactant (Crane and Hall, 2001; Lhert et al., 2007) .
The immediate physiological question is whether ventilation normally generates the required threshold rate of compression. The threshold established in vitro for extracted calf surfactant seems surprisingly fast (Crane and Hall, 2001; Lhert et al., 2007) . Information is limited concerning the rate at which alveolar area changes following a sigh, but in excised lungs, compressions much slower than the rates required in vitro produce functional films. After inflation from a degassed state, excised lungs have normal mechanics during the first slow deflation (Bermel et al., 1984; Hall et al., 1992a) . These results suggest that in situ, compressions much slower than the threshold rates established in vitro can generate low and metastable films. If the alveolar film is a supercompressed fluid, then mechanisms must exist that reduce the threshold rate required in vitro to reach the low at which the monolayers become metastable.
The analogy to 3D liquids suggests possible factors that might promote formation of the metastable films: (i) Minimized effects of contaminants: Contaminating dust particles disrupt formation of 3D glass during supercooling by providing heterogeneous nuclei that promote crystallization. The problem can be minimized by dividing the liquid into droplets that greatly outnumber the contaminating particles (Turnbull, 1949) . Most of the liquid is then removed from the effects of the contaminant, allowing it to supercool more readily to form glass. In 2D films, which are notoriously susceptible to contamination (McConlogue and Vanderlick, 1997), a coexisting solid TC phase can divide the fluid LE phase into separated domains, analogous to 3D droplets. The fluid phase does collapse more slowly when present as separated domains than as a continuous structure (Yan and Hall, 2006) . The effect, however, is sufficiently minor to be physiologically insignificant. (ii) e : Constituents added to 3D liquids can lower their freezing points and narrow the range through which the system must be cooled without crystallization to reach the temperature of the glass-transition. Additional constituents in 2D films might similarly facilitate transformation by supercompression if they reduce e . The multiple phospholipids in pulmonary surfactant do produce a small shift in the onset of collapse relative to a single fluid phospholipid, but to a higher rather than lower , making transformation more difficult rather than easier (Yan et al., 2005) . (iii) Hydrophobic proteins: Specific constituents could also promote supercompression by stabilizing the film. Several studies with model lipids under nonphysiological conditions have suggested that the hydrophobic surfactant proteins significantly slow collapse (Cochrane and Revak, 1991; Longo et al., 1993; Lipp et al., 1996) . With monolayers containing the complete set of surfactant lipids at 37 • C, however, the presence of the hydrophobic proteins causes collapse that is slightly faster rather than slower (Lhert et al., 2007) .
A final factor not suggested by supercooled liquids that might slow collapse is the presence of additional layers formed during adsorption (Follows et al., 2007) . This possibility is yet to be tested directly. Adjacent layers formed by collapse rather than adsorption fail to produce stabilization. Monolayers of extracted surfactant and related lipids collapse to generate bilayer disks that appear just as frequently above previously collapsed disks as above the initial monolayer (Amrein et al., 1997; Galla et al., 1998; Schief et al., 2003) . Additional layers, at least in these circumstances, provide no obvious deterrent to subsequent collapse.
The disparity between the threshold rates of compression required in vitro and in situ therefore remains unexplained. Like the TC films of the classical model, mechanisms by which the supercompressed fluid films might form in the alveolus are unclear.
Temperature-dependence
One feature that might distinguish which model better represents the alveolar film is temperature-dependence. A solid film that melts to a fluid structure during heating loses its resistance to collapse. The of an alveolar film in a heated lung would then rise to e , and the interfacial component of the recoil forces that tend to deflate static lungs would increase. Correspondence of the melting-temperature for one solid monolayer (TC or supercompressed), but not the other, with temperatures at which pulmonary mechanics change would provide strong evidence for one of the models.
The melting-temperatures for the two kinds of solid monolayers are distinct . At < e , supercompressed extracted surfactant melts significantly before TC DPPC, at lower temperatures that correspond well to changes in the mechanics of heated lungs from rats (Clements and Trahan, 1963; Clements, 1967 Clements, , 1977 . Unfortunately, however, lungs from cats and rabbits have pulmonary mechanics with different temperature-dependence (Horie et al., 1974; Inoue et al., 1981 Inoue et al., , 1982 . Because the pulmonary surfactant from the different species has an equivalent composition, the different physiological results are unexplained. Which form of solid film better represents the alveolar structure remains unresolved .
Role of subphase constituents
The inability to explain how either metastable monolayer could form suggests that the experiments in vitro lack some crucial element of the alveolar environment. The most obvious candidate is the presence of surfactant vesicles in the subphase. Both models of the metastable film are based on results with monolayers formed by directly depositing material in immiscible volatile solvents at the surface of a liquid that contains no vesicles. The resulting films microscopically resemble the monolayers formed initially during adsorption (Nag et al., 1998) , and with low concentrations of vesicles, the behavior during compression is also similar. With high concentrations, however, adsorbed films become more stable (Schürch et al., 1989) . Although direct comparisons of spread monolayers and films adsorbed from high subphase concentrations have not yet been published, the impressive performance at higher concentrations supports the possibility that material in the subphase provides an essential contribution to the film's stability.
The two models of the metastable film each suggest possible explanations for the contribution of the subphase material. The classical model predicts that the additional compounds provide a pool of excess DPPC that might, in response to some unknown driving force, exchange with interfacial constituents to produce the enrichment in DPPC necessary to form a TC film. The model of the supercompressed fluid instead predicts that by some unknown mechanism, the adjacent material slows collapse, and either allows physiological compressions to reach the low at which films become metastable, or produces a multilayered structure that is itself inherently resistant to collapse.
Conclusions
Fifty years after the existence of pulmonary surfactant was first demonstrated (Pattle, 1955; Clements, 1957) , the behavior of the alveolar film is reasonably well documented. Recent evidence, however, has challenged well-established convictions concerning the basis of that behavior. Multilamellar films formed by adsorption suggest that the functional structure in the alveolus may contain more than a monolayer. The metastability of supercompressed LE films suggests that a compositional change at the interface with a major enrichment in DPPC may be unnecessary to yield a functional film. These observations, along with methods that, in a few cases, have come close to replicating the behavior of the alveolar film in vitro (Schürch et al., 1989) , are yielding new models concerning the mechanistic basis of surfactant function. These models will guide studies that may provide a better understanding of the extent to which pulmonary surfactant, a fundamental element of pulmonary physiology, contributes to pathophysiology, and whether the remarkable success of therapeutic surfactants in the treatment of premature infants (Guyer et al., 1997 ) might extend to other disorders.
